Several aminoindamine and indoaniline dyes were obtained in good to excellent yields (64-98%) by oxidative cross-coupling between 1,4-phenylenediamine (1), 4-aminophenol (2) or 2,5-diaminotoluene
Introduction
Oxidative dyeing of human hair has been practiced for over 100 years and as a result of increasing aging and thus greying, the global population demand for these products has been increasing rapidly, a trend that will likely continue in the future. 1 Oxidative hair dyes require three major components in the chemical process. The first step is the oxidation of a primary intermediate, an oxidation base or a developer, an o-or p-substituted phenol or aniline derivative; 1,4-phenylenediamine (1, and other related derivatives have been extensively used as oxidation bases in permanent hair colouration processes. [1] [2] [3] The second component, the coupler, is commonly a meta-disubstituted aromatic compound with electron donor groups, including m-phenylenediamines, resorcinol and naphthols and their derivatives; these compounds by themselves will not produce colour when oxidised, but they can react with the products from oxidation of the primary intermediates to form dyes. The final component is the oxidant, almost exclusively hydrogen peroxide under alkaline conditions provided usually by ammonia. 1 Structures like aminoindamine and indoaniline dyes have been suggested as oxidation products, based on the kinetic studies using the chemical oxidant ferricyanide. 3a,4-6 The oxidative process is expected to remain dominant and the development of biotechnological systems, such as the exploitation of enzymatic oxidation processes to replace conventional oxidative processes is viewed as an attractive means of addressing potential environmental concerns. 7, 8 Laccases (benzenodiol : oxygen oxidoreductases, EC 1.10.3.2) belong to the multi-copper family of oxidases, with four copper ions in two catalytic centers and oxidise a wide range of electron-rich aromatic substrates using oxygen as an electron acceptor. 9 Considering that they operate under mild reaction conditions and water is the only by-product formed, they are the ideal biocatalysts for sustainable chemical and oxidoreductive biotechnological applications. 10 Although the use of laccases from different origins has been extensively studied with phenols, the substrates of excellence for these enzymes, their use in the oxidation of aniline derivatives and other aromatic amines has been much less explored. 11, 12 Enzymes particularly of the laccase type have been claimed to be well suited for use in cosmetic applications. Although the laccase-based hair dyes have been considered less irritant and easier to handle than current hair dyes, 13, 14 most of the proposed ready-to-use formulations, using laccases of plant or fungi origins, produce colours which do not fulfill the requirements concerning the issues such as the homogeneity of colour distribution in the hair fibres and the chromaticity of the dyeing powder. 14 Recently, we reported the use of CotA-laccase for the oxidation of aromatic amines looking forward to the sustainable synthesis of dyes 11 and the formation of different heterocyclic cores. 15 The recombinant bacterial CotA-laccase from Bacillus subtilis, an intrinsically highly thermostable enzyme, 16 showed optimal pH values around neutrality for the substrates tested, 11 illustrating the potentiality of this enzyme to use aromatic amines as substrates. The bacterial origin of the enzyme, the broad substrate range and its ability to operate at the alkaline pH range, which promotes hair swelling and the penetration of colour pigments into the fibres, prompted us to extend our studies to cross coupling reactions involving these aromatic derivatives.
We report herein the successful use of 1 U ml −1 of CotAlaccase, a lower value than the usually reported, 14 to mediate the oxidation of selected aromatic amines, 1,4-phenylenediamine (1, , 4-aminophenol (4-AP) and 2,5diaminotoluene (2, into the corresponding benzoquinoneimines, which will be further involved in heterocoupling reactions with selected couplers. These cross coupling reactions were directed towards the production of indo dyes, widely used in permanent hair and leather colouration. 1, 2 The proposed enzymatic oxidation process leads to the synthesis of a wide range of indo dye structures in good to excellent yields, showing a comparable performance to the traditional chemical routes concerning colour development and the production of indo dyes. Our approach, avoiding the use of hydrogen peroxide and alkali, which due to their bleaching effect degrade the hair fibers, rendering them coarse and fragile, 1 can be viewed as a more environmentally friendly alternative synthetic route.
Results and discussion
The heterocoupling reactions mediated by the bacterial CotAlaccase were conducted using 1,4-PDA (1), 4-AP (2) or 2,5-DAT (3) as the oxidation bases and a range of aromatic compounds as couplers (4a-j) ( Fig. 1 ). The selection of couplers was based on their use for indo dye synthesis and also on their oxidation potentials at the reaction pH.
Thus, the knowledge of the redox potential of the compounds involved in the enzyme-catalysed reaction provides useful information in the prediction and understanding of the reaction pathway. The electrochemical behaviour of the couplers presented in Fig. 1 was studied by cyclic voltammetry ( Table 1) .
Experiments were performed at different scan rates and pH values in (1 : 9) MeOH : aqueous buffer media ( pH range 4-7) using a platinum disk as the working electrode and the Ag/AgCl electrode as the reference electrode and corrected by +0.197 V to the NHE. All the tested couplers showed an irreversible oxidation at positive potentials and the determined E pa values ( Table 1 ) decrease as the pH increases, in accordance with our previous results using a diverse group of aromatic amines. 11,15a As expected, the redox potentials for meta-donor substituted aromatic amines (4a and 4c) are higher than those previously determined for the equivalent para-isomers, 11 most likely due to the ring activation effect in the para-isomers. 17 In contrast, the introduction of a methyl group in the ortho-position (4d and 4e) relative to the corresponding disubstituted compound (4a and 4c) slightly decreases the oxidation potential in the tested pH range.
The obtained results indicate that all the studied compounds are most likely resistant to a direct monoelectronic oxidation by CotA-laccase, since the E pa values (from +0.71 V to +1.33 V) are higher than the redox potential of the T1 copper centre of CotA-laccase (0.55 V). 18 The cross coupling reactions between 1,4-PDA (1) and couplers 4a-4e were performed at 37°C in Britton & Robinson (B&R) or phosphate buffer (10 mM, in the pH range between 6 and 8) containing 10% of ethanol, using 0.5 or 1.0 equivalent of the coupler and 1 U mL −1 of CotA-laccase ( Table 2 ). The use of 10% of the organic solvent increases the solubility of substrates and intermediates leading to improved results. The formation of the coloured products occurs immediately after the addition of the CotA-laccase. For most of the reactions, the product formation is complete within 30 min to 1 h (data not shown). The yields presented in Table 2 were determined after 24 h; for prolonged reactions a considerable amount of by-products, most probably in the form of polymeric compounds, were observed. Control reactions confirmed that only small amounts of products (0-20%) were detected in the absence of the enzyme.
The heterocoupling reaction between 1,4-PDA (1) and 3-AP (4a) results in the trinuclear indo dye (5) ( Table 2 , Fig. 2 ). To increase the efficiency of the process, experiments were conducted at different pHs and in the presence of different equivalents of the coupler. The increase of pH and the reduction of the number of equivalents of the coupler led to enhanced yields ( Table 2 , entries 1-4), with the highest yield (95%) achieved at pH 8, using 0.5 equivalents of the coupler ( Table 2 , entry 4). The alkaline conditions most likely promote the deprotonation of the hydroxyl group in 3-AP ( pK a 9.9), leading to the formation of a phenolate ion and consequently promoting the electrophilic attack on the para-position. 4b The commercial enzyme TvL from Trametes versicolor was also used in the heterocoupling between 1,4-PDA (1) and 3-AP (4a) resulting in significantly lower yields for the indo dye (5) when compared with CotA-laccase under all the conditions tested (data not shown) and for this reason it was not further used in this study.
Representative results of other heterocoupling reactions between 1,4-PDA (1) and different couplers are also reported in Table 2 (entries 5-10) and Fig. 2 . For m-substituted couplers (4a-c and 4f-h), the efficiency in the oxidation towards heterocoupled dinuclear or trinuclear dyes strongly depends on the nature of the substituents on the aromatic ring. The use of m-donor substituted couplers (4b-c) led to the heterocoupling products (6 and 7) in good to excellent yields ( Table 2 , entries 7 and 8, Fig. 2 ), at pH 8 in the presence of 0.5 equivalents of the coupler. The reactions between the 1,4-PDA and m-substituted couplers with electron withdrawing groups (3-ABN (4f ), 3-ABA (4g) and 3-ABSA (4h)) yielded in all cases the brown dye Bandrowski's base (BB) (10) (see Fig. 2 ) as the only reaction product (70-100%), independent of the reaction conditions, the pH variation and the stoichiometric quantity of the coupler (data not shown). The coupler was always recovered at the end of reactions and BB is known to result from the homocoupling reaction of the oxidation base 1,4-PDA, 11 which means that the couplers 4f, 4g and 4h are most probably weaker nucleophiles than 1,4-PDA, thus preventing the electrophilic attack on the coupler.
From the heterocoupling reactions between 1,4-PDA (1) and the m,p-disubstituted couplers 5-A-o-cresol (4d) and 2,4-DAT (4e) the indoaniline dyes (8) and (9) were respectively obtained in good to excellent yields ( Table 2 , entries 9 and 10).
The favorable results obtained with m-substituted and m,p-disubstituted couplers prompted us to extend our studies to naphthalene couplers (1-Nol (4i) and 1-NA (4j)), where the presence of electron donor groups promotes the heterocoupling reactions with 1,4-PDA catalysed by CotA-laccase (Table 3, entries 1 and 2) . Surprisingly, the main product isolated in both reactions was identified to be the naphtholderived indoaniline 11 (Fig. 3 ). This could be explained by the hydrolysis of the terminal amino/imino group in accordance with the previous reports. 5, 6, 19 The cross-coupling reaction between 1,4-PDA and 4j additionally leads to the secondary product 12 (Fig. 3) .
To expand the scope of the biocatalysed route, additional oxidation bases 4-AP (2) and 2,5-DAT (3) were used with m,p-disubstituted couplers under optimised reaction conditions (Table 3 , entries 3-5). The heterocoupling reactions of 4-AP with 4d and 4e resulted in the production of the respective dinuclear indoaniline 13 and 2-aminoindamine 14 dyes, with the intramolecular cyclisation of the latter to an asymmetric phenazine core 15 (Table 3 , entries 3 and 4, Fig. 3) . The formation of heterocyclic phenazines was previously reported by Brown and Corbett 5, 3a, 19a for similar oxidative reactions with 4-AP, using the chemical oxidant ferricyanide.
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Substitution of the 1,4-PDA ring with a methyl group (2, and coupling with 4d resulted in the production of the dimeric structures 16 and 17 but in lower yields (Table 3 , entry 5, Fig. 3 ). This result can be explained by a lower oxidation rate for 2,5-DAT, when compared with 1,4-PDA. In fact, Corbett et al. 3b, 6 showed that the C-methylation of the diamine 1,4-PDA decreases the rate of chemical oxidation with ferricyanide, due to the loss of basicity on the diamine, leading to a decreased amount of protonated species present at a specific pH. Compound 17 results from a hydrolysis process of the terminal amino group which could occur either during the oxidation, the heterocoupling reaction or the purification processes, as previously described. 5,15a,19,20 The obtained products were isolated in good to excellent yields (64-98%) directly as crude solids and were fully characterised by FTIR, NMR ( 1 H, 13 C, COSY, HSQC and HMBC) and UV-Visible spectroscopy and mass spectrometry (see the Experimental section and the ESI †). Insoluble products were isolated from the reaction media by filtration, while the soluble products were extracted with acetyl acetate and isolated by solvent evaporation. For the reactions where two products were obtained, the isolation process includes a step of purification by silica gel preparative or column chromatography.
The structures proposed for the products 5-9 and 13-15 have been previously suggested by Corbett and coworkers, 3a, [4] [5] [6] based on the chemical oxidation of several primary intermediates in the presence of different couplers. Nevertheless, with the exception of 5, 8 and 13, for which the proton NMR data were reported, the full spectroscopic characterization for these compounds was never reported.
The CotA-laccase mediated reactions between 1,4-PDA and the couplers 3-AP, 1,3-PDA and resorcinol yield the trimers 5 and 6 and the dimer 7 respectively (see Fig. 2 ). The presence of a quinone-imine central structure for the trimers and a quinonediimine pattern for the dimer 7 was confirmed by the combined analysis of the NMR and ESI/MS data. The 1 H and 13 C NMR data of trimers 11 and 12, obtained from 1,4-PDA and naphthalene derived couplers, confirm the presence of a substituted naphthalene central core. The symmetric structure proposed for 12 points out the loss of the amino group of the naphthalene coupler during the course of the reaction.
The reactions of 1,4-PDA, 4-AP and 2,5-DAT with the m,p-disubstituted couplers 4d and 4e yielded two different dyes: the indoaniline type dyes 8, 13, 16 and 17 and the aminoindamine dyes 9 and 14 (see Fig. 2 and 3) . The position of the new N-C bonds and the presence of the quinoneimine (for indoanilines) and the quinonediimine (for aminoindamines) structures were unambiguously indicated by the characteristic resonances of carbonyl and imine quaternary carbons in the 13 C NMR spectra.
The structure of compound 8 was obtained by single X-ray diffraction. The compound crystallises in the monoclinic centrosymmetric space group P2 1 /n, with one molecule per asymmetric unit. The molecular diagram (Mercury 21 ) with the atomic numbering scheme is presented in Fig. 4 . The compound scaffold is composed of two 6-membered ring systems, a benzenoid and a quinoid ring. The bond distances [1.405(2) Å to 1.378(1) Å] and bond angles [120.6(1)°to 118.0(1)°] for aromatic carbons are consistent within the expected range for a benzene ring. The N1-(C1-C6)-N2 aromatic fragment is almost planar, with maximum deviations out-of-plane of 0.036(1) Å and 0.168(1) Å in the N1 and N2 atoms, respectively. In the quinoid fragment, the electronic delocalisation is observed with the short bond lengths C8-C9 and C11-C12 [1.368(2) Å and 1.344(1) Å], while C7-C8, C9-C10, C10-C11 and C12-C7 are larger [1.420(2) Å to 1.490(2) Å], in accordance with the values reported for similar compounds. 20, 22 The connection between the benzenoid and quinoid fragments is established by the C4-N2-C7 single and double bonds with 1.400(1) Å and 1.295(1) Å, respectively. The dihedral angle formed between the planes of the two fragments is 47.42(3)°, denoting the distortion inside the molecule (see the ESI †).
The enzyme-catalysed formation of the aminoindamine and indoaniline dyes (see the ESI, Fig. S1 †) follows a similar pathway to the one previously proposed for chemical oxidations and is reported in the literature. 3, 23 The first step, the enzymatic oxidation of the primary intermediate (oxidation base or developer) promotes the formation of the benzoquinone-monoimine or -diimine intermediates, which are further involved in cross-coupling reactions with the aromatic or naphthalene couplers, yielding the dinuclear leuco derivatives and finally the dinuclear or trinuclear indoaniline or aminoindamine dyes.
Experimental

General procedures
Commercial reagents and solvents were used as received without additional purification. The aromatic compounds used as starting materials (Fig. 1) were commercially available (Sigma-Aldrich Co.). TLC: Merck 60 F254 plates. Preparative chromatography: Silicagel Fischer 60A (200 micron). The UV-Visible data for compounds were obtained in methanol on a Nicolet Evolution 300 spectrophotometer. The product characterization was performed by 1D-NMR ( 1 H, 13 C) and 2D-NMR (COSY, HSQC and HMBC) spectra, obtained in CD 3 OD on a Bruker Advance 400 MHz spectrometer with a 5 mm probe. Chemical shifts are reported in ppm relative to the solvent peaks and coupling constants ( J) are reported in hertz. FTIR spectra were obtained in KBr pellets on a Bruker Vertex 70 FT-IR spectrometer. LRESI mass spectrometry and tandem mass experiments were carried out on a LCQ Fleet mass spectrometer operated in the ESI positive/negative ion modes (Thermo Scientific). The optimised parameters were as following: ion spray voltage, ±4.5 kV; capillary voltage, +16 and −20 V; tube lens offset, −63 and +82 V; sheath gas (N 2 ), 80 arbitrary units; auxiliary gas, 5 arbitrary units; capillary temperature, 250°C. The spectra were recorded in the range of 100-1000 Da. The spectrum typically corresponds to the average of 20-35 scans. Tandem mass spectra were obtained with an isolation window of 2 Da, a 30% relative collision energy and with an activation energy of 30 ms. HR ESI(+/−) mass spectra were obtained on a QTOF Impact II™ mass spectrometer (Bruker Daltonics, GMBH, Germany), operating in the high resolution ion mode. Calibration of the TOF mass analyser was performed with a lock mass calibrant.
The recombinant CotA-laccase from Bacillus subtilis (1 U defined as the amount of enzyme that transformed 1 µmol of ABTS per min at 37°C) was produced and purified as described previously. 16, 24 Trametes versicolor laccase (TvL, specific activity 20 U mg −1 ; 1 U defined as the amount of enzyme that transformed 1 µmol of catechol per min) was purchased from Sigma-Aldrich. The protein concentration was measured by using the Bradford assay using bovine serum albumin as a standard. 16 Both laccases were stored frozen at −18°C prior to use.
The redox potentials were measured by cyclic voltammetry using an EG&G Princeton Applied Research Model 273A potentiostat/galvanostat monitored with a personal computer loaded with Electrochemistry PowerSuite v2.51 software from Princeton Applied Research. Cyclic voltammograms were obtained using 1 mM of compounds in 9 : 1 buffer : MeOH ( phosphate buffer for pH ≥ 6 and Britton-Robinson (B&R) buffer for pH 4 and 5 and 10 mM) using a three-electrode configuration cell with a home-made platinum-disk working electrode (1.0 mm diameter), a platinum wire counter electrode and an Ag/AgCl reference electrode ( purchased from Radiometer analytical, SAS, France). The potential was scanned from −0.7 to 1.2 V at a scan rate of 100 mV s −1 . All measurements were performed at room temperature and the solutions were deaerated with dinitrogen before use. The measured potentials were corrected by +0.197 V to the normal hydrogen electrode (NHE).
General procedure for laccase mediated heterocoupling reactions
Procedure Afor compounds 5-9 and 11-17 . Laccase (1 U mL −1 ) was added to a stirred solution of the primary intermediate (1, 4 -AP or 2,5-DAT) (0.5 mmol, 5 mM) in phosphate buffer : ethanol solution (9 : 1) (10 mL, 10 mM) at the selected pH. The solution was stirred at 37°C in the presence of an adequate amount of the coupler and the reaction was monitored by TLC. After 24 h, for the soluble products, the aqueous solution was extracted with ethyl acetate. The collected organic phases were dried over Na 2 SO 4 , filtered, concentrated in a vacuum and characterised. In the cases of compounds 5, 6 and 11, insoluble in the reaction medium, the final aqueous phase was filtered and the residue was directly lyophilised and characterised. In the case of mixtures, the products were isolated by chromatography (column or preparative) using an acetyl acetate/ethanol 3 : 1 (v/v) solution as an eluent. Control reactions in the absence of the enzyme were also conducted to check for the auto-oxidation of substrates and after 24 h, the same work-up procedure was followed. 1 H NMR (400 MHz, CD 3 OD): δ ( ppm) = 7.06 (d, 2H, J = 8.8 Hz, H 8 , H 12 ), 6.91 (d, 2H, J = 8.6 Hz, H 9 , H 11 ), 6.85 (s, 1H, H 5 ), 6.04 (s, 1H, H 2 ), 2.16 (s, 3H, CH 3 ); 13 C{H} NMR (400 MHz, CD 3 OD): δ ( ppm) = 165.8 (C 1 ), 159.3 (C 10 ), 150.6 (C 4 ), 141.4 (C 7 ), 136.8 (C 6 ), 126.7 (C 8 , C 12 ), 125.4 (C 5 ), 117.5 (C 9 , C 11 ), 92.8 (C 2 13 C{H} NMR (400 MHz, CD 3 OD): δ ( ppm) = 131.0 (C 9 ), 129.3 (C 6 ), 123.8 (C 8 ), 107.0 (C 1 ), 102.1 (C 4 13 C{H} NMR (400 MHz, CD 3 OD): δ ( ppm) = 188.6 (C 1 ), 170.2 (C 10 ), 151.0 (C 4 ), 142.5 (C 3 ), 139.6 (C 7 ), 134.9 (C 8 ), 126.4 (C 6 ), 123.0 (C 12 ), 118.3 (C 9 ), 116.2 (C 11 ), 117.6 (C 5 ), 100.1 (C 2 13 C{H} NMR (400 MHz, CD 3 OD): δ( ppm) = 188.1 (C 1 ), 170.5 (C 10 ), 156.9 (C 4 ), 149.1 (C 3 ), 144.1 (C 7 ), 132.0 (C 8 ), 123.7 (C 6 ), 122.9 (C 12 ), 112.7 (C 9 ), 108.6 (C 11 ), 108.2 (C 5 (2) Å, β = 94.725(4)°, V = 1105.5(2) Å 3 , T = 150(2) K, space group P2(1)/n, Z = 4, 10 590 reflections measured, 2710 unique (R int = 0.0295), which were used in all calculations. The final R and wR(F 2 ) were 0.0399 and 0.1021, respectively.
The X-ray diffraction data were collected using a Bruker AXS-KAPPA APEX II diffractometer with graphite-monochromated radiation (Mo Kα, λ = 0.71069 Å) at 150 K. The X-ray data were collected using the omega scans of 0.5 per frame and a full sphere of data was obtained. All the data were corrected for Lorentzian, polarization, and absorption effects using SAINT 25 and SADABS 26 programs. SIR97 27 and SHELXL-97 28 were used for structure solution and refinement, respectively. Calculations were performed using the package of programs WINGX-Version 1.80.05. 29 A full-matrix least-squares refinement on F 2 was performed on the non-hydrogen atoms with anisotropic thermal parameters. The hydrogen atoms were inserted in the idealised positions (d(C methyl -H) = 0.96 Å, d(C rings -H) = 0.93 Å) and were allowed to refine riding on the parent carbon atom, with U iso (H) = 1.5 U eq. (C methyl ) and 1.2 U eq. (other C atoms); an exception for H atoms bonded to nitrogen whose positions were found in the electronic density map and were allowed to refine freely. The graphics were made using MERCURY 3.0. 21 PLATON 30 was used for determining the hydrogen bond and intermolecular interactions. Crystallographic and experimental details are summarised in Table S1 in the ESI and in Tables S2 and S3, † the bond lengths, bond angles and torsion angles, respectively. CCDC 1476627 contains the cif file for this compound.
Conclusions
We have demonstrated the ability and efficacy of CotA-laccase to oxidise, in water, three oxidation bases (1, to the corresponding benzoquinonediimine or benzoquinoneimine species and promote the selected crosscoupling reactions with different aromatic couplers, which resulted in the formation of dimeric and trimeric indo dyes. The dinuclear and trinuclear aminoindamine, indoaniline and indonaphthol compounds were obtained in good to excellent yields and the results showed that the electron character and position of the substituents in the coupler have fundamental importance in the occurrence of the heterocoupling reactions.
The proposed mechanistic pathway for the dye formation involves an initial oxidation of the primary intermediates by laccase and further reactions with amine or phenolic couplers to give the leuco-indo dyes and, upon oxidation, the corresponding indamine or indoaniline derivatives.
Thus, the laccase-based approach developed herein depicts a greener alternative route for the preparation of indo dyes and contributes to improved sustainability for the synthesis of this important class of dyes.
